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Despite the rapid pace of new protein structure determina-
tion by NMR and crystallographic means, structural prob-
lems remain that are generally inaccessible to these
powerful methods. Notable examples are the structure and
dynamics of high molecular weight proteins in solution, and
the investigation of conformational transitions and protein
folding in real-time. In addition, no general approach is
available for crystallization of membrane proteins, and few
structures are known for this important class of molecule.
Site directed spin labeling (SDSL) provides a means for
approaching these problems and allows resolution at the
level of the backbone fold [1].
The general strategy of SDSL is to introduce a nitroxide
side chain at selected sites using site-directed mutagene-
sis and take advantage of the wealth of information in
the electron paramagnetic resonance (EPR) spectrum of
the nitroxide to define variables that characterize the
local environment of the side chain. A large set of such
spin-labeled proteins should provide enough sequence-
specific environmental variables to permit one to deduce
key features of the protein fold.
The introduction of the nitroxide side chain has been
accomplished in one instance by direct incorporation of a
nitroxide amino acid during protein synthesis in a cell-
free system [2], although the most common procedure is
through cysteine-substitution mutagenesis followed by
derivatization of the reactive cysteine with a sulfhydryl-
selective nitroxide reagent [3] (reactive native cysteines
having first been replaced by a suitable non-reactive
amino acid). The reagent of most widespread use has
been methanethiosulfonate spin label I [4], which gener-
ates the side chain designated R1 (Fig. 1), although new
reagents are now being used for specific purposes [5].
Three fundamental types of information are obtained from
the EPR of a nitroxide side chain in a protein: the accessi-
bility of the side chain to collision with a paramagnetic
reagent in solution, essentially the solvent accessibility;
the dynamics of the side chain; and the distance of the
side chain from a second nitroxide or bound metal ion in
the protein. From such data, a remarkable amount of struc-
tural information is obtained, as discussed below.
Side-chain accessibility 
The solvent accessibility of a nitroxide side chain is deter-
mined by analysis of the collision frequency of the nitrox-
ide with paramagnetic reagents in solution, expressed in
terms of the ‘accessibility parameter’, II [6]. Molecular
oxygen and metal ion complexes such as Ni(II)ethylene-
diaminediacetate (NiEDDA) and Ni(II)acetonylacetonate
(NiAA) are paramagnetic reagents that are commonly
used. In a sequence of regular secondary structure with
anisotropic solvation, II for a nitroxide side chain will be a
periodic function of sequence number, with a period and
phase that identify the type of secondary structure and the
orientation of this structural element in the protein,
respectively. Thus ‘nitroxide scanning’, in which single
native side chains are sequentially replaced with a nitrox-
ide side chain, can be used to determine secondary struc-
ture. The efficacy of this approach for determining both
secondary structure and topography was first demonstrated
in the helical membrane protein bacteriorhodopsin, and
the results were recently reviewed [1]. The generality of
Figure 1
Reaction of the methanethiosulfonate spin
label I with cysteine to generate the disulfide-
linked nitroxide side chain R1.
the method has now been demonstrated in the small water
soluble proteins T4 lysozyme (T4L) (C Altenbach, HS
Mchaourab, WL Hubbell, unpublished results) and cellular
retinol binding protein (CRBP; Lietzow, M.A., Hubbell,
W.L., unpublished results). Figure 2 shows the structures
of these proteins, with the residues involved in nitroxide
scans indicated by spheres on the respective Ca carbon
atoms. Below each structure are the corresponding plots
of II for the paramagnetic reagent O2 versus sequence
number in the corresponding structure. The short a helix
in T4L and the b strand in CRBP are clearly revealed by
periods of approximately 3.6 and 2.0, respectively, for 
the II(O2) function. The orientations of the scanned
segments in the protein fold are readily assigned, because 
the residues with the highest II values define the
solvent-accessible surface. Similar results are found for
II(NiEDDA). The data not only illustrate the capability to
identify secondary structure, but also suggest that introduc-
tion of the R1 side chain at single sites in the structure
results in a remarkably small degree of structural perturba-
tion. The nitroxide scanning method for detecting
sequence-specific secondary structure in membrane
proteins has recently been applied to rhodopsin [7], lac 
permease [8] and diphtheria toxin T domain [9].
When charged paramagnetic reagents are employed, the
collision frequency with solvent-exposed nitroxides may
be used to determine local electrostatic potentials [10]. In
membrane proteins, the ratio of accessibility parameters
II(O2)/II(NiAA) for nitroxide side chains within the
bilayer may be employed to determine the depth of the
nitroxides from the aqueous/membrane interface [11].
Side-chain dynamics
A recent comprehensive study of the T4L molecule has
revealed a general relationship between the mobility of
nitroxide side chains and salient features of the protein
fold [5]. The motion of the nitroxide is encoded in 
the EPR spectral lineshape, and detailed information
regarding the motional rate, anisotropy and amplitude can
be obtained from spectral simulation techniques [12].
However, the inverse linewidth of the central resonance,
DHo–1, and the inverse second moment of the spectrum,
<H2>–1, have proven to be convenient experimental
measures of the nitroxide mobility [1,5].
Figure 3 shows a plot of these two measures of mobility
for twenty representative nitroxide side chains at positions
in T4L that characterize principle topographic regions of
the protein fold: solvent-exposed helical sites; solvent-
exposed interhelical-loop sites; solvent-inaccessible buried
sites; and tertiary contact sites, defined as those sites at
which the nitroxide side chain makes contact with nearby
secondary structures. Circular dichroism (CD), enzymatic
activity and thermal unfolding studies indicate that the
presence of a single nitroxide side chain at these sites
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Figure 2
Determination of secondary structure with nitroxide scanning. The
upper panel shows structures of T4L and CRBP with sites of single
nitroxide substitutions indicated by magenta spheres. The lower panel
shows plots of II(O2) (red) and DHo–1 (yellow) as a function of
sequence number for the nitroxide scans. The smooth trace in the data
for T4L is a function with a period of 3.6.
Figure 3
The inverse spectral second moments (<H2>–1) and the inverse
central linewidths (DHo–1) for the R1 side chain at twenty sites in T4L.
The classifications according to protein topography are discussed in
the text. (Figure was adapted from [5], with permission.)
produces perturbations typically no larger than those
observed for substitution by other native side chains [5].
Thus, only at buried and some contact sites does the 
R1 side chain produce significant changes in thermal
stability, but even in these cases there is little or no effect
discernable in the CD spectrum.
As is evident in Figure 3, sites from a given topographical
region cluster together in specific regions of mobility in
the plot, in a manner that is consistent with the known
structure of the protein. Thus, all buried sites are highly
immobilized due to the dense packing in the interior of
the protein, whereas sites in loops are highly mobile,
presumably reflecting backbone structural fluctuations.
The mobility of sites in tertiary contact are constrained by
interaction with nearby structures, but have distinctly
higher mobility than buried sites. The relatively high
mobility of helix surface sites is indicative of weak or
absent interactions with nearest neighbor side chains in
the helix. Although not shown in the plot, it is also possi-
ble to distinguish N- and C-terminal residues in helices by
differences in their mobility [5]. Variations in side-chain
mobility among residues of a given topographical site are
believed to result from backbone flexibility.
Thus, the side-chain mobilities, reflected in the EPR
spectral lineshapes, provide a fingerprint of the protein
fold and its dynamics. An example of the use of side-chain
mobility to reveal secondary structure in T4L and CRBP
is illustrated by the plots of DHo–1 versus sequence
number in Figure 2. The expected periodic variation in
mobility is observed as the nitroxide sequentially samples
surface, tertiary contact and buried sites in the T4L helix,
and surface and buried sites in the CRBP b strand. The
correlation with solvent accessibility is evident.
The ability to detect tertiary contact sites through side-
chain mobility is extremely useful, as it provides a means
of mapping the tertiary interaction surfaces in a protein
fold, important information in evaluating structural
models. Moreover, it provides a means for monitoring
reorganizations in the tertiary fold that accompany protein
function or folding, on a millisecond time scale (see
below). The apparent contribution of backbone flexibility
to R1 dynamics may make SDSL a powerful means of
exploring this aspect of protein structure in solution.
Inter-residue distances
Nitroxide scanning, together with accessibility and/or
mobility analysis, provides a unique means of deducing
sequence-specific secondary structure in a protein. Deter-
mination of inter-residue distances provides a strategy for
deducing the proximity of selected secondary structural
elements. In principle, these data together provide a
means for determining the global structure of a protein at
the level of the backbone fold.
Two means of determining inter-residue distances with
site-directed spin labeling have been explored, namely
nitroxide–nitroxide and metal ion–nitroxide dipolar inter-
actions. For sufficiently slow motion of the interspin vector,
that is, in frozen solutions, distances between two nitroxides
introduced by mutagenesis may be estimated from static
dipolar interactions in the distance range of about 10–25 Å
[13–16]. This approach has recently been employed to
determine the proximity of helices in rhodopsin and their
relative movement upon photoactivation (DL Farrens, K
Yang, C Altenbach, WL Hubbell, HG Khorana, unpub-
lished results). In principle it should be possible to analyze
static dipolar interactions in terms of distance at room tem-
perature for high molecular weight soluble proteins and
membrane proteins where rotational diffusion is slow.
However, a rigorous analysis in the presence of motions of
the individual nitroxides has not been reported.
In the presence of sufficiently rapid reorientation of the
interspin vector, such as for water-soluble proteins with a
molecular weight of less than about 15 kDa, spin–spin
relaxation processes are operative and interspin distances
can be estimated from spectral linebroadening and Red-
field theory over about the same range as for static dipolar
interactions (KJ Oh, W Hubbell, unpublished results).
This method has been used recently to examine the
structure of T4L in solution [17]. Intramolecular distances
were found to be consistent with a hinge-bending angle
corresponding to an open state of the active site cleft 
as opposed to the closed state observed in the crystal
structure of the wild-type protein.
Metal ion–nitroxide interactions in metalloproteins have
also been used to estimate intramolecular distances [18].
Recently, this approach has been generalized using an eng-
ineered copper-ion-binding site together with introduced
nitroxide side chains in T4L [19] (Fig. 4). This strategy has
the notable advantage that intramolecular distances can be
estimated at room temperature for a range of proteins
showing wide variation in molecular weight, and a single
metal ion provides a reference site for the estimation of dis-
tances to multiple nitroxides sites. The first application to a
protein of unknown structure has recently appeared [20].
Time-resolved detection of structural changes
One of the most attractive features of SDSL is the ability
to time-resolve changes in any of the parameters discussed
above, and hence changes in the protein tertiary fold, 
with millisecond resolution. Changes in tertiary contact
interactions, monitored through changes in nitroxide side-
chain mobilities, have been used to time-resolve apparent
rigid body motions of helices in both bacteriorhodopsin
[21] and rhodopsin [22], and structural reorganizations in
colicin E1 upon membrane binding [23]. This strategy
provides the timescale of conformational changes, but is
not well suited to deduce the magnitude of the changes.
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Information on both timescale and magnitude of a struc-
tural change can be obtained from detection of time-
resolved changes in inter-residue distances. The
feasibility of this approach is illustrated in Figure 5 for the
folding of the T4L double mutant Ile3→R1/Val71→R1.
In the folded state, the R1 side chains at position 3 (in the
C- terminal domain) and 71 (in the central helix) are
essentially in van der Waals contact (Fig. 5a), and the EPR
spectrum for this mutant is therefore greatly broadened by
spin–spin interaction, and hence of low intensity (Fig. 5b).
In the unfolded state, these residues are far apart and non-
interacting, as indicated by the EPR spectrum of 30-fold
greater intensity compared with the folded state. The rate
of appearance of the interface between the C-terminal
domain and the central helix can thus be monitored by
recording the large change in spectral intensity, and hence
inter-residue distance, as a function of time following initi-
ation of folding. The time-resolved intensity change
recorded at the position of the arrow in Figure 5b follow-
ing folding initiation is shown in Figure 5c, and indicates
that the interface is formed within 600 ms under the con-
ditions given in the figure legend. This preliminary result
suggests that the use of spin pairs will be a powerful
method for monitoring the assembly of tertiary structure.
Spin pairs introduced at positions i and i+4 in a sequence
can be similarly used to monitor a-helix formation [24].
Summary and conclusions
Site-directed spin labeling of proteins has proven to be a
practical means for determining secondary structure and
its orientation; surfaces of tertiary interactions; inter-
residue distances; chain topology and depth of a given side
chain from the membrane/aqueous surface in membrane
proteins; and local electrostatic potentials at solvent-
exposed sites. Moreover, the mobility of a side chain
together with its solvent-accessibility may serve to
uniquely identify the topographical location of specific
residues in the protein fold. Future spectral analysis
should permit a quantitative estimation of the contribution
of backbone flexibility to the overall side-chain dynamics. 
The ability to time-resolve the structural features men-
tioned above makes SDSL a powerful approach for
exploring the evolution of structure on the millisecond
time scale. We anticipate future applications to the study
of protein folding both in solution and in chaperone-
mediated systems.
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